Abstract. Density fluctuations near the edge of tokamak plasmas can affect the propagation of electron cyclotron (EC) waves. In the present paper, the EC wave propagation in a fluctuating equilibrium is determined using the ray-tracing code C3PO. The evolution of the electron distribution function is calculated self-consistently with the EC wave damping using the 3-D Fokker-Planck solver LUKE. The cumulative effect of fluctuations results in a significant broadening of the current profile combined with a fluctuating power deposition profile. This mechanism improves the simulation of fully non-inductive EC discharges in the TCV tokamaks. Predictive simulations for ITER show that density fluctuations could make the stabilization of NTMs in ITER more challenging.
Introduction
Electron cyclotron current drive (ECCD) systems are characterized by the possibility to drive highly localized currents in a predictable and controlled manner. ECCD is a primary choice for current profile control in present day tokamaks such as the tokamakà configuration variable (TCV) [1] , and a 20 MW, 170 GHz ECCD system is planned for the control of neoclassical tearing modes (NTMs) in ITER [2] .
Large levels of electron density fluctuations are often measured near the plasma edge and could affect the propagation and thus the damping of EC waves. In the TCV tokamak, conventional raytracing/Fokker-Planck simulations of fully non-inductive discharges tend to overestimate the driven current by up to a factor two [3] [4] [5] . While the introduction of large ad-hoc fast electrons radial transport in simulations reduces the driven current, the corresponding reconstructed bremsstrahlung emission is well below experimental measurements from the hard X-ray diagnostic [4, 5] . By broadening the current profile without transporting fast electrons, density fluctuations could provide a better mechanism to improve the simulations. In ITER, first-harmonic heating combined with high pedestal density in some scenarios yield high values of the susceptibility tensor elements and a potentially large effect of density fluctuations on the EC wave propagation. In addition, the relatively long distance from the edge to the current deposition region means that even small perturbations in the wave propagation could lead to a significant displacement or broadening of the current profile considering the requirements for NTM stabilization [2] .
The effect of fluctuations on the propagation and damping of radio-frequency waves has been investigated previously using a scattering formalism, both for lower-hybrid waves [6] [7] [8] and, more recently, for EC waves in the presence of blobs [9] [10] [11] . In the present paper, the effect of density fluctuations on ECCD is described using a new method [12] , in which the time-dependent wave propagation is calculated using the ray-tracing code C3PO [13] in a fluctuating plasma equilibrium. The time evolution of the electron distribution function is calculated self-consistently using the 3-D FokkerPlanck code LUKE [14] . The effect of fluctuations is determined from a statistical analysis of ECCD calculated at successive times in the fluctuating equilibrium. The results are found to be somewhat similar to those obtained from a scattering formalism [12] . A density fluctuations model derived from drift-wave turbulence [12] is presented in Section 2. The calculation of ECCD in a fluctuating equilibrium is described in Section 3. The driven current and the bremsstrahlung emission, calculated by the code R5X2 [15] , are moments of the distribution function that can be compared to experimental observations of fully non-inductive EC discharges in the TCV tokamak (Section 4). In ITER, the broadening of the current profile and the fluctuating power deposition are compared to requirements for NTM stabilization (Section 5).
Modeling of density fluctuations
The effect of fluctuations on ECCD is calculated assuming a constant background equilibrium characterized by an axisymmetric magnetic field configuration B(ρ, θ) of arbitrary shape, and some electron densityn e (ρ) and temperature profilesT e (ρ). The normalized radius ρ is defined as the square root of the normalized toroidal flux, and θ is the poloidal angle. Electron density fluctuations are described by an arbitrary space-and time-dependent functionñ e (ρ, θ, φ), which can be derived from analytical or numerical models, experimental measurements, etc. In this paper, a model based on drift-wave turbulence characterized by a Gaussian 1-D spacial autocorrelation function with amplitude σ f and correlation length ξ ⊥ yields a superposition of independent modes of the form [12] 
where Φ p = pϑ + 2πχ p is the phase for the Fourier mode p and χ p is a random number between 0 and 1. The function 
ECCD calculations in the presence of density fluctuations

Space scales ordering
The calculation of current drive in the presence of EC resonance heating typically requires a model for the wave propagation. In the EC range of frequencies, ray-tracing techniques are routinely used as the condition of validity
is usually satisfied in tokamak, where λ is the wavelength, d is the beam size and L is the equilibrium non-uniformity scale length. The condition 2 assumes a well collimated beam (λ d) propagating in a plasma where L is large enough such that the plasma is nearly uniform across the wave front. In a plasma, the evolution of the beam width may differ significantly from vacuum Gaussian beam theory, in which case beam-tracing methods are required. Generally, the latter must also satisfy the condition 2.
In this paper, the ray tracing code C3PO [13] is used to model the wave propagation in a fluctuating plasma, such that the typical scale length L f of fluctuations that can be accounted for is restricted to L f d, which sets the upper limit p max to the fluctuation mode number p in (1) . Assuming that the condition L f d is verified, fluctuations affect the direction of propagation but not the beam structure, which is here assumed to follow Gaussian beam theory.
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Time scales ordering
Resonant interaction between electrons and finite-power EC waves creates distortions of the distribution function, which in turn affect the damping rate of the wave, and may also generate a net toroidal current. In general, the evolution of the distribution function results from the competing effects of wave-particle interaction, collisions, interaction with DC electric fields, etc. It is calculated by solving the Fokker-Planck equation with the code LUKE [14] . The lifetime τ w L/c of an EC wavepacketfrom the mirror to the damping region -is much shorter than all other relevant time scales, namely the collision time scale τ c of resonant particles, the equilibrium time scale τ E , and the fluctuation correlation time τ f . Therefore, it is natural to consider an instantaneous response of the EC beam propagation and damping to changes in the fluctuating equilibrium or distribution function. A consequence of the τ w τ c ordering is that the self-consistency between the wave damping rate and the distribution function must be satisfied at any given time.
On the other hand, the characteristic evolution time τ c of the distribution function may be of the order of or longer than the fluctuation correlation time τ f . The distribution function may have a "memory" of previous states in the fluctuating equilibrium. Thus, when τ f τ c , a correct statistical description of the effect of fluctuations on the distribution function cannot be obtained by calculating the time-asymptotic solution to the Fokker-Planck equation for a series of independent fluctuating equilibrium states. Instead, the fluctuating equilibrium and the distribution function must evolve in a coordinated way.
An important consequence of the τ f τ c ordering is that the problem of ECCD in a fluctuating plasma requires the use of a proper solver for the time-dependent Fokker-Planck equation. The evolution time step τ for the Fokker-Planck equation is chosen such that τ f τ. With this condition, the fluctuating equilibrium states (1) at two consecutive times are decorrelated and can thus be created randomly.
Evolution of power deposition and current profiles
The EC power deposition profiles depends mostly upon the wave propagation path and thus fluctuates at the time scale τ f . The current driven by fast electrons is a moment of the distribution function and thus evolves at a time scale τ c . This is illustrated in Fig. 1 The total current profile typically evolves on a much longer time scale, the resistive time scale τ R τ c . Indeed, on a time scale τ c the toroidal current profile is frozen by the large energy stored in the poloidal magnetic field such that any change in the fast electron current is instantaneously compensated by a local electric field. As a consequence, while the effect of fluctuations on the power deposition profile is a statistical scattering of the deposition location without much variation of the instantaneous deposition width, the effect on the current profile is a broadening that can be obtained from a statistical average.
Effect of density fluctuations in TCV
Fully non-inductive steady-state plasmas driven by ECCD have been achieved in the TCV tokamak [1, 4, 16] . Conventional ray-tracing/Fokker-Planck simulations systematically predict a driven current that is more than twice the experimental current (obtained from I p measurements using estimates of the bootstrap fraction) [3] [4] [5] . Strong evidence of fast electrons anomalous radial transport has been observed in the case of localized ECCD [17, 18] . The introduction of a large level of ad-hoc radial transport in Fokker-Planck simulations of fully non-inductive discharges can reduce the calculated current drive to the experimentally measured value. However, for such values of fast electrons radial transport, the fast-electron bremsstrahlung emission reconstructed from simulations is far below experimental measurements of the hard X-ray signal [4, 5] . Density fluctuations near the edge (∆ = 0.02) are introduced in the modeling of TCV shot #18532 in the flat-top regime (t = 1.5 s) [5] and the results are shown in Fig. 2 . The results obtained with σ f = 0.2 and σ f = 0.6 are fairly similar. A strong decrease of the driven current is observed (b) along with a broadening of the current profile (c). The reconstructed bremsstrahlung count rate profile as a function of chord number is quantitatively remarkably close to experimental measurements (d). With σ f = 0.2, the current decreases by a factor 1.5 while the count rate for the central chord decreases by a factor 2.5. With a radial diffusion coefficient of D r = 0.4 m 2 /s, the current also decreases by a factor 1.5, but the count rate drops by a factor 8, which is far below experimental measurements [5] . Thus, the effect of fluctuations differs significantly from that of fast electron radial transport, which is not surprising as the underlying mechanisms are very different. With density fluctuations, fast electrons are generated at radial positions that vary rapidly with time when compared to the characteristic collision time. With radial transport, fast electrons are generated at fixed radial positions and then diffuse radially while slowing down at the same time.
Effect of density fluctuations in ITER
The development of NTMs is a strong limit on performance in ITER [19] , and their stabilization by ECCD is the justification for including a 20 MW top-launch EC system in ITER [2] . Stabilization of 3/2 NTMs has been successfully achieved in present day tokamaks without much apparent detrimental effect of density fluctuations [20] . However, first-harmonic O-mode ECCD in ITER could be particularly sensitive to edge density fluctuation. As the wave frequency is not far above the pedestal plasma frequency, the beam direction can be altered significantly by edge density fluctuations. In addition, the relatively long propagation path means that even small variations of the edge beam direction can lead to large differences in the deposition profile. ECCD is calculated for 3/2 NTM stabilization in the inductive ITER scenario 2 [21, 22] . Results obtained in the presence of edge density fluctuations (∆ = 0.02) are shown in Fig. 3 . The driven current remains unchanged (a), which is not surprising as quasilinear effects are weak for off-axis ECCD in ITER. However, the maximum current density decreases (b) as the width of the current profile (c) increases almost linearly with σ f . For σ f = 0.4, the width of the current profile is larger than the saturated island width [2] and reaches about twice the value calculated in the absence of fluctuations (d). The broadening of the current profile is the cumulative consequence of the fluctuating power deposition profile, since it follows the standard deviation σ p of the location of power deposition (c). Both the broadening of the current profile and the fluctuating power deposition could affect the stabilization of NTMs.
Conclusions
The propagation and damping of EC waves in a fluctuating plasma equilibrium are calculated by time-dependent ray-tracing and Fokker-Planck simulations, properly accounting for the ordering of the different time scales at play : the wavepacket time is much shorter than the decorrelation time of density fluctuations, which is typically smaller or of the order of the slowing-down time of resonant electrons. All these time scales are much shorter than the equilibrium or resistive times. The resulting effect of density fluctuations is a scattering of the EC power deposition and a corresponding broadening of the current profile. In the simulations of fully non-inductive TCV discharges, density fluctuations can account for experimental observations of driven current and fast electron bremsstrahlung emission. In ITER, density fluctuation can make the stabilization of NTMs more challenging.
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